ABSTRACT The constant extinction angle control and constant DC voltage control are widely used for the inverter station of Line Commutated Converter based High Voltage Direct Current (LCC-HVDC) system in practical engineering. Under different control strategies, the control system parameters would have totally different effects on the stability of the LCC-HVDC system. In this paper, the small-signal models of the LCC-HVDC system with constant extinction angle control and LCC-HVDC system with constant DC voltage control are developed, respectively. Based on the eigenvalue analysis, this paper conducts a comprehensive comparison of the effects of a phase-locked loop (PLL) and LCC controller on the small-signal stability of LCC-HVDC system with different control strategies at the inverter station under weak AC grid condition. Then, the coupling effect between the PLL and LCC controller parameters is investigated when LCC-HVDC system adopts different control strategies. This paper can provide useful guidance for the systematic design and control parameter selection of LCC-HVDC projects.
I. INTRODUCTION
Line Commutated Converter based High Voltage Direct Current (LCC-HVDC) system has been widely used in long distance and large capacity transmission area [1] . With the increase of LCC-HVDC projects, many LCC-HVDC links locate in a common receiving AC grid, and the strength of grid with multi-receiving ends of DC gradually gets weakened. Under weak AC grid conditions, the commutation failure [2] , [3] , voltage instability and oscillation [4] may occur in the LCC-HVDC system. All of these issues are related to the control system [5] , [6] . The small-signal stability analysis can provide a valuable guidance for the systematic design and control parameter selection of the LCC-HVDC system.
In recent years, many scholars have studied the smallsignal model and the influence of control system on the stability of LCC-HVDC system. References [7] and [8] established the small-signal model of LCC-HVDC system based on the nonlinear equations describing quasi-steady-state
The associate editor coordinating the review of this manuscript and approving it for publication was Madhav Manjrekar. characteristics of the AC / DC side of the LCC converter station. Reference [4] described the converter station based on switching function and established the small-signal model of LCC-HVDC system. The model of LCC station in this paper is based on the switching function in [4] . By defining the control sensitivity indices, the influence of the parameters of control system on the operating limit of LCC-HVDC system under three different control strategies was evaluated in [6] . However, the influence of the control system parameters on the stability of the system was not deeply analyzed. Based on the small-signal model, reference [4] studied the influence of the control system parameters on the small-signal stability of LCC-HVDC system with the constant voltage control. Reference [9] studied the impact of different control functions on the DC link stability based on the impedance model. References [4] and [9] both studied the influence of constant voltage controller on the stability of LCC-HVDC system, however the differences of the small-signal stability of system under various control strategies were not investigated and compared, and the corresponding comparison can provide an orientation to select an appropriate control strategy.
In practical engineering, the main control strategy of inverter side is constant extinction angle control or constant voltage control. In the aspect of the influence of control strategy on the stability of the system, the existing studies mainly focused on the improvement of the control system to reduce the commutation failure probability [10] - [12] . The influence of different control strategies on the transient stability of AC / DC power system was also compared [13] . However, there are few studies comparing the small-signal stability of LCC-HVDC system with different control strategies especially under weak AC grid conditions. The corresponding research can provide theoretical guidance for the control strategy design and control parameter selection in engineer application.
In this paper, the small-signal models of LCC-HVDC system with constant extinction angle control and LCC-HVDC system with constant DC voltage control are developed respectively. After verifying the accuracy of the established model, the impact of phase-locked loop (PLL) and LCC controller parameters on the small-signal stability of LCC-HVDC system are comprehensively studied and compared, with different control strategies at the inverter station under weak AC grid condition. Finally, the coupling between the PLL and the LCC controller is also investigated when LCC-HVDC system adopts different control strategies, and the feasible region of the control system parameters to keep the system stable is obtained.
The rest of this paper is organized as follows. Section II develops the small-signal model of LCC-HVDC system. The small-signal model is validated in Section III. Section IV compares the small-signal stability of LCC-HVDC systems with different control strategies under weak AC grid condition. The conclusions are summarized in Section V.
II. SMALL-SIGNAL DYNAMIC MODEL
In order to compare the small-signal stability of LCC-HVDC system with constant extinction angle control (hereinafter referred to as the constant extinction angle system) and LCC-HVDC system with constant voltage control (hereinafter referred to as the constant voltage system), this paper focuses on the inverter side of LCC-HVDC system. Based on the LCC-HVDC system model in [4] , the small-signal models of the constant extinction angle system and the constant voltage system are developed, respectively. The modeling of the two systems is similar, except for the constant extinction angle controller / constant voltage controller.
A. STRUCTURE OF LCC-HVDC SYSTEM
The configuration of the LCC-HVDC system is shown in Fig. 1 (a) . The one-line diagram of the LCC-HVDC system is shown in Fig. 1 (c) . The AC filter structure follows the benchmark system [14] , as shown in Fig. 1 (b) .
The AC system is represented by the equivalent voltage source v s . v pcc is the voltage of the Point of Common Coupling (PCC), and α 0 is the voltage phase angle of the AC system with the voltage phase angle of the PCC being 0 • . 
where
In (1), I dc is the DC side current and ϕ is the power factor angle. A i is the correction factor of current switching function considering the commutation process. In (2), β is the firing angle, and γ is the extinction angle.
2) LCC CONTROLLER (CONSTANT EXTINCTION ANGLE / CONSTANT VOLTAGE CONTROLLER) MODEL
The constant extinction angle control strategy is that the inverter side of LCC-HVDC system is controlled by the constant extinction angle controller when the system operates stably. The control principle of the constant extinction angle controller is shown in Fig. 2 .
Based on the difference between the reference extinction angle γ ref and the measured extinction angle γ m , the controller generates the inverter firing angle by a PI controller. K p and K i are the proportional and integral gains of the VOLUME 7, 2019 constant extinction angle controller. When DC voltage drops due to disturbance or fault, γ m will increase. At this time, the controller will reduce the firing angle β and control the downward trend of DC voltage to keep it stable. The corresponding state space equation can be expressed as
where x 1 is the state variable of constant extinction angle controller.
The measured extinction angle γ m is obtained by the actual extinction angle of the LCC-HVDC system through the first-order inertia link, that is, the measurement link. The state space equation of the measuring link can be expressed as
where T mγ is the time constant of the first order inertial link. The constant voltage control strategy is that the inverter side of LCC-HVDC system is controlled by the constant voltage controller when the system operates stably. The control principle of the constant voltage controller is shown in Fig. 3 .
Based on the difference between the measured DC voltage U m and the reference DC voltage U dcref , the controller generates the inverter firing angle by a PI controller. K p and K i are the proportional and integral gains of the constant voltage controller. When the DC voltage drops due to disturbance or fault, the controller will reduce the firing angle β and control the downward trend of DC voltage to keep it stable. The corresponding state space equation can be expressed as
where x 1 is the state variable of constant voltage controller. Similarly, the state space equation of the measuring link in the constant voltage controller can be expressed as
where T mu is the time constant of the first order inertial link. 
3) PLL MODEL
The PLL provides phase basis for the synchronization of the LCC-HVDC system. The control principle can be represented by the simplified block diagram shown in Fig. 4 [15] , and the corresponding state space equation is shown in (7).
In (7), ω and θ are the angular frequency and angle from the PLL respectively. v pccq is the q-axis component of the volatege of PCC v pcc . K pPLL and K iPLL are the proportional and integral gains of PLL.
In addition, the modeling process of AC system and AC filter has been explained in detail in [4] , which will not be duplicated here.
C. SMALL-SIGNAL DYNAMIC MODEL OF LCC-HVDC SYSTEM
The small-signal stability of the system refers to the ability of the system to maintain the original operating state after the small perturbations. At this time, the nonlinear system can be linearized directly, then the stability of the system can be evaluated by analyzing the stability of the linearized system.
The linearization principle of the system is as follows. The LCC-HVDC system operates at a stable point. As the perturbations are assumed to be small, the nonlinear state-space equations can be expressed in terms of Taylor's series expansion [16] . By neglecting the second and higher order components, the linearized small-signal dynamic model can be obtained in the form of d
where X denotes a small deviation of the state variable vector X and U denotes a small deviation of the input vector. A denotes state (or system) matrix and B denotes input matrix. For constant extinction angle system, the state vari- 
To conduct the small-signal stability, the first step is to calculate the steady state values for all the state-variables. Considering that the system is in a stable state, the derivatives of the state variables are 0 under steady state. Therefore, the nonlinear differential equations used to describe the dynamics of the overall system become nonlinear algebraic equations. By solving the nonlinear algebraic equations, the steady state values for all the state-variables can be obtained.
III. SMALL-SIGNAL MODEL VALIDATION
The detailed electromagnetic transient models of constant extinction angle system and constant voltage system are built in the PSCAD/EMTDC simulation platform. In order to verify the accuracy of the small-signal model, the dynamic responses of the small-signal models of two systems are compared with that of the electromagnetic transient model.
A. SYSTEM PARAMETERS
The main circuit parameters of the constant extinction angle system and the constant voltage system are the same, shown in Table 1 . The parameters of AC filter are referred to the CIGRE benchmark model [14] . The control system parameters of the two systems are shown in Table 2 . The results in Fig. 5 validate the accuracy of the developed small-signal models of the constant extinction system and the constant voltage system, by observing the close agreement of the system responses from the small-signal models and the electromagnetic transient simulations. In addition, it can be seen that with the given control parameters, the dynamic response performance of the two systems is quite similar under small disturbance.
IV. COMPARATIVE STUDY ON SMALL-SIGNAL STABILITY OF LCC SYSTEMS WITH DIFFERENT CONTROL STRATEGIES UNDER WEAK AC GRID CONDITION
The control system of LCC inverter station is mainly composed of PLL and LCC controller, i.e. constant extinction angle controller or constant voltage controller. As mentioned above, on the one hand, the operation state of LCC system is affected by the control system, and the comparative study on the small-signal stability of constant extinction system and the constant voltage system is still lacking; On the other hand, the coupling effect between PLL and LCC controller is also different when LCC-HVDC system adopts different control strategies, which needs to be compared and analyzed in detail.
Therefore, this section first compares the impacts of PLL parameters and LCC controller parameters on the small-signal stability of LCC-HVDC with different control strategies under weak AC grid condition. Then the coupling effect between PLL and LCC controller is compared and analyzed when LCC-HVDC system adopts different control strategies.
A. COMPARISON ON THE IMPACTS OF PLL GAIN ON SMALL-SIGNAL STABILITY OF LCC SYSTEMS WITH DIFFERENT CONTROL STRATEGIES 1) COMPARISON ON THE IMPACTS OF PLL GAIN ON SMALL-SIGNAL STABILITY
Initially, the system operates at nominal operating point (SCR = 1.8, ϕ = 84 • , P dc = 1.0p.u.). Fig. 6 shows the eigenvalue loci of the constant extinction angle system and the constant voltage system when the PLL gain K pPLL varies from 10 to 100. Fig. 6(a) shows that for the constant extinction angle system, with the increasing of K pPLL , the dominant mode moves towards the right-half plane and causes the system instability when K pPLL > 78.3. From Fig. 6(b) , for the constant voltage system, with the increasing of K pPLL , the dominant mode moves towards the right-half plane and causes the system instability when K pPLL > 92. 4 . Thus, it can be concluded that under weak AC grid conditions, too large value of PLL gain would lead to the instability of the LCC system. The feasible region of PLL gain of constant extinction angle system which can guarantee the small-signal stability of the system is smaller than that of the constant voltage system, that is to say, when connected with weak AC grid, if the constant voltage system needs to be switched to constant extinction control, the PLL gain needs to be adjusted (reduced) to avoid the small-signal instability caused by the larger PLL gain.
When K pPLL is 90, according to the feasible region of the PLL gain of the two systems, the constant extinction angle system is unstable, while the constant voltage system is stable. Under this condition, the eigenvalues of the two systems are shown in Table 3 . As shown in Table 3 , when K pPLL is 90, the real part of the eigenvalues of all modes of the constant voltage system is negative, while the real part of the eigenvalue of mode 8 (dominant mode in Fig. 6 ) of the constant extinction angle system has become positive, that is to say, the system appears small-signal instability, which is consistent with the conclusion from Fig. 6 . From the results, the PLL gain has great influence on the small-signal stability of both the constant extinction angle system and the constant voltage system, and the mode 8 is the dominant mode when the PLL gain increases. Hence, the following sections will focus on the characteristics of mode 8 when studying the impact of other controller parameters on the small-signal stability of the two systems.
2) COMPARISON ON PLL GAIN FEASIBLE REGION OF LCC-HVDC SYSTEM WITH DIFFERENT CONTROL STRATEGIES UNDER DIFFERENT SCRS OF AC SYSTEM
Last section compares the feasible region of PLL gains of the constant extinction angle system and constant voltage system when the SCR of the AC system is fixed (SCR = 1.8). In this section, the feasible region of PLL gains of two systems is further studied at different SCR conditions.
The maximum allowable values of PLL gain, which can keep the small-signal stability of two LCC systems, are obtained when SCR varies from 1 to 3. The maximum allow- able value curves, below which the system can be kept stable, are shown in Fig. 7 . Fig. 7 shows when 1 < SCR < 3, the maximum allowable value of PLL gain of constant voltage system is always larger than that of constant extinction angle system, which indicates larger stability margin for the constant voltage system under weak AC grid condition.
B. COMPARISON ON THE IMPACTS OF LCC CONTROLLER ON SMALL-SIGNAL STABILITY OF LCC SYSTEMS WITH DIFFERENT CONTROL STRATEGIES
Initially, the system operates at nominal operating point. Fig. 8 shows the eigenvalue loci of the constant extinction angle system and the constant voltage system when the proportional gain K p of constant extinction angle controller / constant voltage controller varies from 1 to 100. Fig. 10 shows the eigenvalue loci of the constant extinction angle system and the constant voltage system when the integral gain K i of constant extinction angle controller / constant voltage controller varies from 100 to 2000. Fig. 8 shows that the eigenvalues of LCC-HVDC system always remain in the left-half plane when the proportional gain of the constant extinction angle controller / constant voltage controller changes. With the increase of the proportional gain, mode 8 of the constant extinction angel system moves towards the right-half plane, while the mode 8 of the constant voltage system moves towards the left-half plane. Fig. 9 also shows that the eigenvalues of LCC-HVDC system always remain in the left plane when the integral gain of the constant extinction angle controller / constant voltage controller changes. With the increase of the integral gain, mode 8 of the constant extinction angel system moves towards the left-half plane, while the mode 8 of the constant voltage system moves towards the right-half plane.
Thus, from Fig. 8 and Fig. 9 , the stability margin of the constant extinction angle system decreases with the increase of the proportional gain of the LCC controller, while the conclusion is opposite for the constant voltage system. In addition, with the increase of the integral gain of the LCC controller, the stability margin of the constant extinction angle system increases, while the stability margin of the constant extinction angle system decreases.
C. COMPARISON ON THE COUPLING EFFECT OF LCC CONTROLLER AND PLL UNDER DIFFERENT CONTROL STRATEGIES OF LCC-HVDC SYSTEM
Initially, the LCC-HVDC system operates at the rated operating point. Keeping the PLL gains K pPLL of two systems as 80, and gradually changing the proportional gain K p and the integral gain K i of the constant extinction angle controller / constant voltage controller, the feasible region of constant extinction angle controller / constant voltage controller parameters, which can keep the small-signal stability of two LCC-HVDC systems, can be obtained. The feasible region is shown in the shaded area of Fig. 10 , where each point on the curve corresponds to the threshold values of K p and K i .
From Fig. 10 (a) , the feasible region is above the curve, which shows that the smaller K p together with larger K i can increase the small signal stability of the system. Therefore, for the constant extinction angle system, the decrease of stability margin caused by too small value of K i can be compensated by reducing K p , and the decrease of stability margin caused by too large value of K p can also be compensated by increasing K i . From Fig. 10 (b) , the feasible region is below the curve, which shows that the smaller K p combined with larger K i can increase the small signal stability of the system. Therefore, for the constant voltage system, the decrease of stability margin caused by too large value of K i can be compensated by increasing K p , and the decrease of stability margin caused by too small value of K p can also be compensated by reducing K i .
When the control parameters of the constant extinction angle system are set as point A (K pPLL = 80, K p = 8 and K i = 500), and the control parameters of the constant voltage system are set as point B (K pPLL = 80, K p = 4 and K i = 1500), the two systems cannot operate stably. Based on point A and point B, the coupling effect between PLL and LCC controller is further studied.
First, the coupling effect of the PLL and the proportional gain K p of the constant extinction angle controller / constant VOLUME 7, 2019 In Fig. 11 (a) , the points on the dotted line satisfy K i = 500 and K pPLL = 80. Point A is located outside of the shaded area, which indicates the instable region. If point A moves along the dotted line to the direction of decreasing of K p , it will enter into the stable region. Thus, the stability of the system at point A can be restored by decreasing K p while the other parameters remain unchanged. Similarly, from Fig. 11 (b) , the points on the dotted line satisfy K i = 1500 and K pPLL = 80. Point B is out of the feasible region. If point B moves along the dotted line to the direction of increasing of K p , it can enter into the feasible region. Therefore, the constant voltage system at Point B can restore the stability by increasing K p while the other parameters remain unchanged.
Then, the coupling between the PLL and the integral gain K i of constant extinction angle controller / constant voltage controller is also compared. Initially, the LCC-HVDC system operates at K p = 8 under constant extinction angle control, and K p = 4 under constant voltage control. By changing the PLL gain K pPLL and the integral gain K i of the constant extinction angle controller / constant voltage controller of the two systems, the feasible regions of K pPLL and K i of the two systems are obtained. The results are shown as Fig. 12 .
From Fig. 12 (a) , the LCC-HVDC system at point A under constant extinction angle can get back to stable operation by increasing K i . while the other parameters remain unchanged. Similarly, from Fig. 12 (b) , the LCC-HVDC system at point A under constant voltage control can restore stable operation by decreasing K i while the other parameters remain unchanged. Therefore, for the constant extinction angle system, when the PLL gain is too large, the system can be stabilized by reducing the K p or increasing the K i . For the constant voltage system, when the PLL gain is too large, the system can be stabilized by increasing the K p or reducing the K i . In addition, it can be seen from Fig. 11 and Fig. 12 that the smaller K pPLL , the larger the small signal stability margin of the LCC system, no matter which control strategy is used in the inverter station.
To further verify the correctness of the above conclusions, the proportional gain K p of constant extinction angle controller / constant voltage controller is adjusted to suppress the instability of the constant extinction angle system / constant voltage system caused by the too large value of PLL gain K pPLL . The PLL gain K pPLL of constant extinction angle system changes from 10 to 130 at time t = 3.0 s, and the proportional gain K p of constant extinction angle controller changes from 10 to 2 at time t = 4.0 s. The PLL gain K pPLL of constant voltage system changes from 10 to 130 at time t = 3.0 s, and the proportional gain K p of constant voltage controller changes from 10 to 15 at time t = 4.0 s. The active power responses of the two systems are shown in Fig. 13 . Fig. 13 shows that when the K pPLL of the two systems stepchanges at time t = 3.0s, the active power gradually diverges and the systems experience small-signal instability. When the K p of the constant extinction angle system decreases and the K p of the constant voltage system increases at time t = 4.0s, and two systems both restore to stable operation. Thus, the coupling between the PLL and LCC controller is well verified.
V. CONCLUSIONS
The small-signal models of LCC-HVDC system with constant extinction angle control and LCC-HVDC system with constant DC voltage control are developed in this paper. After verifying the accuracy of the established model, the impacts of PLL and constant extinction angle controller / constant voltage controller on the small-signal stability of LCC-HVDC system with different control strategies are compared when the LCC-HVDC system is connected with weak AC grid. Finally, the coupling between the PLL and the LCC controllers under different control strategies of LCC-HVDC system is compared. The following conclusions can be obtained:
1) The PLL gain has great influence on the small signal stability of the LCC-HVDC system connected with weak AC grid, no matter which control strategy is used in the inverter station. Too large value of the PLL gain will lead to the small-signal stability of the system. The feasible region of PLL gain of LCC-HVDC system with constant voltage control strategy is larger than that with constant extinction angle control strategy, which indicates that the LCC-HVDC system with constant voltage control strategy has larger stability margin under weak AC grid conditions. 2) For the LCC-HVDC system with constant extinction angle control strategy, the smaller proportional gain and larger integral gain of LCC controller can increase the small-signal stability of the system. For the LCC-HVDC system with constant voltage control strategy, the larger proportional gain and the smaller integral gain of LCC controller can increase the small signal stability of the system. 3) Close coupling between PLL and LCC controller exists. Under weak AC grid conditions, when the LCC-HVDC system is unstable due to the larger PLL gain, the system with the constant extinction angle control can restore the stability by reducing the proportional gain or increasing the integral gain of LCC controller, and the system adopting the constant voltage control can be stabilized by increasing the proportional gain or reducing the integral gain of LCC controller.
